Since its invention in ancient times, relief printing, commonly called flexography, has been used to mass-produce artifacts ranging from decorative graphics to printed media. Now, higher-resolution flexography is essential to manufacturing low-cost, large-area printed electronics. However, because of contact-mediated liquid instabilities and spreading, the resolution of flexographic printing using elastomeric stamps is limited to tens of micrometers. We introduce engineered nanoporous microstructures, comprising polymer-coated aligned carbon nanotubes (CNTs), as a next-generation stamp material. We design and engineer the highly porous microstructures to be wetted by colloidal inks and to transfer a thin layer to a target substrate upon brief contact. We demonstrate printing of diverse micrometer-scale patterns of a variety of functional nanoparticle inks, including Ag, ZnO, WO 3 , and CdSe/ZnS, onto both rigid and compliant substrates. The printed patterns have highly uniform nanoscale thickness (5 to 50 nm) and match the stamp features with high fidelity (edge roughness,~0.2 mm). We derive conditions for uniform printing based on nanoscale contact mechanics, characterize printed Ag lines and transparent conductors, and achieve continuous printing at a speed of 0.2 m/s. The latter represents a combination of resolution and throughput that far surpasses industrial printing technologies.
INTRODUCTION
For centuries, innovations in printing technologies have gone hand-in-hand with advances in communication, education, and industrialization. Relief printing, which was invented in China using hand-carved woodblock stamps in~200 CE (1) , involves loading of ink onto raised stamp structures, followed by transfer to the target substrate by mechanical contact. The invention of metal relief printing stamps in the year~1230 enabled mass production of books (2) , and the invention of rubber stamps in the 1860s enabled roll-to-roll production of high-quality graphics (3) . This latter process is commonly called flexography.
Further breakthroughs in printing technologies are now essential to scalable manufacturing of electronic devices (4, 5) in largearea and unconventional formats, such as on windows, contact lenses, ultrathin membranes, and flexible films. Low-cost printed electronics are also central to the vision of an "internet of things," encompassing ubiquitous connected devices and means of tracking everyday objects, including medicines, foods, and products during transportation and use (6) . However, the inability to print electronic materials with micrometer-scale resolution (that is, minimum feature size of 1 to 10 mm) at high throughput is a major roadblock in this pursuit (7) (8) (9) . For example, thin-film transistors with smaller lateral dimensions have higher bandwidth and on/off switching speed along with reduced parasitic capacitance, operation voltage, and power consumption. Narrower and thinner conductive lines are also essential to realize metal grid electrodes with improved transparency, and highresolution displays having micrometer-scale transistor backplane features.
In addition to flexography (10, 11) , the mainstream methods for printing electronic materials include inkjet (12) (13) (14) , screen (15) (16) (17) (18) , and gravure (intaglio) (19) (20) (21) (22) printing. The suitability of each method for a particular application is determined by its resolution, throughput, and materials compatibility, among other attributes. For example, inkjet printing is compatible with many colloidal and polymer inks, yet the size of the droplet that can be ejected from the nozzle aperture is, at present, no less than 10 to 20 mm (23) . Flexography is also compatible with a wide variety of substrates and inks, but its resolution is limited to 50 to 100 mm (7) (8) (9) (10) (11) despite the capability to manufacture rubber stamps with micrometer and submicrometer feature sizes (24) . For high-quality flexographic printing, the liquid films need to be thin enough to avoid spreading out from the contact area when compressed, yet such thin films tend to dewet from the stamp surface due to hydrodynamic instability. Higher-resolution printing technologies have been invented and demonstrated, including microcontact (25) , nanotransfer (26) , electrohydrodynamic (27) , and dip-pen (28, 29) methods, yet these lack the throughput and versatility of the mainstream methods.
To enable the next generation of relief printing for electronics manufacturing, we conceived a microstructured nanoporous stamp material that enables ultrathin, high-resolution direct printing of colloidal inks. The stamp is fabricated using patterned aligned carbon nanotubes (CNTs) conformally coated with a thin polymer, such that its porosity, mechanical properties, and surface chemistry enable capillary-driven loading of ink and nanoscale contact-mediated ink transfer. We show that diverse patterns of a variety of electronic nanomaterials, including Ag, ZnO, WO 3 nanoparticles (NPs), and CdSe/ ZnS quantum dots (QDs), can be directly printed with micrometerscale resolution and that the process can be scaled to industrially relevant throughput.
RESULTS

Engineering CNT microstructures as a nanoporous stamp
In Figure 1A we show a schematic description of the printing process using nanoporous stamps, along with exemplary printed materials. First, the polymer-CNT stamp is loaded with an NP-based ink via immersion or spin coating, causing the ink to be drawn into the nanoscale pores within each microstructure (fig. S1) by capillary wicking.
Next, the stamp is brought into contact with a target substrate. This causes transfer of a thin ink layer that matches the pattern of the microstructures on the stamp with high fidelity (Fig. 1B) . For example, square patterns (side length, 25 mm; spacing, 10 mm) of Ag ink (particle size, <10 nm; see Materials and Methods) printed using the nanoporous stamp have a corner radius of 3 mm, an edge roughness of 0.2 mm, and a uniform thickness of~45 nm (Fig. 1C ). As discussed here, we have demonstrated ultrathin flexographic printing of a variety of functional inks on both rigid and flexible substrates ( Fig. 1 , D to F) and shown its scalability to high rates (>0.1 m/s) without loss of fidelity.
To design the nanoporous stamp material, we considered three key requirements: (i) the stamp must have pores larger than the colloidal ink particles yet significantly smaller than the features to be printed, (ii) the porous stamp must allow infiltration of the ink solvent yet resist deformation due to capillary forces, and (iii) the stamp must be mechanically compliant yet durable, enabling uniform contact with the target substrate without buckling or yielding of the microscale features of the stamp.
To fabricate the stamp ( Fig. 2A ), first vertically aligned CNT arrays (CNT "forests") are grown on lithographically patterned silicon substrates by atmospheric pressure chemical vapor deposition (CVD). The cross-sectional shape of the stamp features is determined by the CNT growth catalyst pattern (fig. S2); therefore, within the dimensional limits of the photolithography and CNT forest growth processes, any desired pattern can be fabricated (30, 31) . As a structure, the CNT arrays are highly porous (~99% porosity) (32, 33) and mechanically compliant (compressive modulus typically 5 to 100 MPa) (34) . The mechanical behavior of CNT arrays is similar to that of open-cell foams when compressed to moderate strains, and their modulus can be tuned over a wide range by the diameter, density, and connectivity of the CNTs (35, 36) .
However, the top surface of the as-grown CNT microstructures comprises clusters of tangled CNTs ( fig. S3 ), arising from the CNT self-organization process (33, 37) . When the hydrocarbon source is introduced to the reactor, the CNTs first grow in random directions until a critical density for vertically aligned growth is reached (38) . As a result, a tangled "crust" layer (thickness, <1 mm) is carried at the top of the forest and enforces the individual CNTs that have different diameters and growth rates to grow vertically as a monolith (37) . However, the stiff and rough crust is not desirable for high-resolution printing because it results in nonuniform contact against the target substrate. Indentation tests with a sharp (10-mm conical) tip and compression tests with a flat tip (Fig. 2 , C and D), respectively, reveal that the surface modulus (~240 MPa) of as-grown CNT arrays is much greater than the compressive modulus (~24 MPa). The surface modulus is the reduced Young's modulus determined from the localized load-displacement behavior near the surface (39) , and the compressive modulus is defined from uniaxial compression along the CNT alignment direction. After brief oxygen plasma etching, which removes the crust ( fig. S4 ), the surface modulus (~32 MPa) is comparable to the compressive modulus. The surface compliance enables the CNTs to conformally contact the target substrate during printing. Also, the CNT microstructure matches the dimensions of the catalyst pattern, yet the plasma treatment etches both the top and sidewalls of the CNT microstructures, slightly narrowing their width ( fig. S5 ). Therefore, this reduction must be considered when designing the CNT growth patterns to achieve a target printed feature size.
The surface chemistry of the CNTs must also be engineered to enable infiltration of the ink and to prevent elastocapillary densifi-cation of the CNT microstructures ( Fig. 2B ). CNT forests are typically hydrophobic (40) , but oxygen plasma etching creates surface defects and promotes attachment of oxygen-containing surface groups, rendering the CNT forest hydrophilic (41) . As a result, upon liquid infiltration, the CNT microstructures may shrink slightly, and during liquid evaporation, the capillary force exerted by the contracting meniscus can overcome the elastic restoring forces of the deformed CNTs, causing significant densification and mechanical damage (video S1) (42) . Notably, elastocapillary densification upon recession of solvent has been used to densify and shape CNT forests and other nanostructures into a variety of complex architectures (43, 44) . However, this is not desirable for stamp fabrication and repeated printing operations.
To prevent capillary-induced deformation of the CNT microstructures while retaining their porosity, we coat the CNTs with a thin layer (~20 nm) of poly-perfluorodecylacrylate (pPFDA) using initiated CVD (iCVD) (45) . The PFDA monomer diffuses into the porous CNT microstructures in the vapor phase and results in a conformal coating of the CNTs (fig. S3 ). The iCVD polymer coating is followed by a second oxygen plasma treatment to remove any pPFDA deposited in a nonconformal manner as a result of condensation of the monomer at the tip of the CNT forest. The pPFDA-coated CNT microstructures do not shrink or collapse upon liquid infiltration and solvent evaporation (video S2 and fig. S6 ). The second plasma treatment step is key to enable infiltration of ink for printing (video S3 and fig. S7 ). The surface modulus and uniaxial compressive modulus of the coated CNT microstructures are 38 and 27 MPa, respectively, corresponding to a 10 to 20% increase due to the polymer coating. We expect the resistance to elastocapillary densification is due to the reinforcement of individual CNTs by the pPFDA coating and development of pPFDA nanowelds at CNT-CNT contact points. Together, these reinforcements increase the lateral rigidity of the CNT forest, which has been found to be essential to prevent shrinkage upon evaporation (42) . The pPFDA coating and the subsequent plasma treatment also certainly change the internal surface area per unit volume of the forests and the adhesion between CNTs and CNT bundles; the influence of these effects on the mechanics and stability of the CNT structures deserves further study.
Ultrathin high-resolution printing via nanoscale control of ink transfer
Ink transfer from the nanoporous stamp to solid substrates occurs by wetting of the ink to the substrate upon contact of nanofibers at the interface. That is, when the wet stamp contacts the target substrate under applied pressure, the nanofibers at the top of the stamp provide physical bridges for the liquid ink to wet the target substrate. These ensuing liquid bridges may coalesce as the pressure is increased and more fibers come into contact with the substrate. Then, as the stamp retracts, a portion of the ink will remain on the substrate, and upon evaporation of the solvent, a thin layer of NPs results.
Accordingly, to achieve uniform ink transfer, the wet stamp must contact the substrate with a sufficient uniform pressure while retaining the ink within the bounds of the nanoporous microstructure. In Fig. 3A , we illustrate the nanoscopic view of inked CNT stamp and its contact against the target substrate. The top surface of a stamp microstructure with well-confined ink consists of the free surface (>90%) held by the network of polymer-coated CNTs (diameter, 10 to 50 nm; spacing,~100 nm). The intrinsic height variance of the CNT network (~10 to 100 nm) causes roughness of the free surface where the ink is pinned to the tips of the coated CNTs. When the stamp contacts the substrate, the compliance of the CNTs allows the stamp to conform to the roughness of the target substrate at moderate pressure. Increased contact pressure ensures conformal contact and drives the confined ink to wet the target surface more uniformly, yet excessive pressure can cause overprinting (that is, loss of fidelity) and/or failure of the stamp by buckling, as discussed later.
A mechanical model of the compliant stamp surface allows us to estimate the required pressure for conformal contact that results in uniform ink transfer. We assume that the tips of the pPFDA-CNTs have normally distributed positions (l CNT ) with a standard deviation of s l relative to a nominal plane; thus, the probability density of the surface heights is
When two surfaces are in contact at a distance (d) between their nominal planes, the applied pressure (p) is supported by the pPFDA-CNT fibers in contact over the area (A)
Here, P CNT,i is the load supported by ith pPFDA-CNT fiber in contact, n c is the number of fibers in contact, n is the total number of fibers on the stamp surface (≅ A/l CNT 2 ), k CNT is the stiffness of a single pPFDA-CNT fiber, d CNT,i is the deformation distance of ith fiber in contact (= l CNT, i − d), and l CNT is the average spacing between the fibers. Moreover, the contact ratio at the given distance d will be
Therefore, the contact ratio is determined by the contact pressure, stiffness (surface compliance), surface height variation, and spacing of the pPFDA-CNT fibers. In Fig. 3B , we show the predicted relationship between contact ratio and pressure for the CNT stamp. The CNT-CNT spacing (l CNT~1 00 nm) was measured from SEM images ( fig. S4 ), s l~5 0 nm was determined from AFM analysis ( fig. S3 ), and k CNT~2 .7 mN/m was calculated from the nanoindentation curve (k CNT~EC l CNT 2 /H, where H is the CNT average height used in the uniaxial compression test; Fig. 2D ). The required contact pressure for the CNT stamp to conformally contact the target substrate (>99% contact ratio) is estimated to be~28 kPa.
To validate the model, we measure the relationship between applied pressure and the ink transfer ratio, which is defined as the area of Ag NP ink printed on a glass substrate (root mean square roughness,~2 nm) divided by the area of the stamp pattern. At lower pressure (<28 kPa), incomplete transfer is observed within each microscale stamp feature. At moderate pressure (28 to 150 kPa), the printed features match the stamp patterns, indicating that the contact is uniform. At high pressure (>150 kPa), overprinting is observed where the size of the printed features exceeds the stamp feature sizes, and there is a significant loss of shape fidelity. This indicates that excessive deformation of the stamp surface and/or buckling of the CNT features is forcing excessive ink onto the substrate where it spreads laterally outward from the contact area. Without plasma etching of the surface layer, conformal surface contact cannot be achieved at contact pressure lower than the buckling limit of the coated CNT forest (~150 kPa).
For these reasons, control of the resolution and fidelity (for example, edge roughness and corner radius) of printed features depends on the stamp preparation (for example, CNT microstructure geometry, surface roughness, mechanical properties, and surface treatment) and the magnitude and uniformity of the contact pressure. In addition, the amount of ink loaded onto the stamp also significantly affects the shape of printed features. The sequence of steps for ink loading and printing to achieve micrometer-resolution printing is illustrated in Fig. 3D . Upon spin coating, the ink is drawn into the CNT microstructures by capillary wicking, and the excess ink is mostly removed from the stamp by the centrifugal forces during the spinning process. However, we find that a slight amount of excess ink is present on the stamp surface. When this stamp is used to print, the excess ink spreads upon contact, resulting in greater width and corner roundness of the printed features compared to the stamp and an overall loss of pattern fidelity ( fig. S8 ). To solve this problem, before printing, we contact the wet stamp with a nonpatterned, plasma-treated CNT forest. The nonpatterned forest, which is porous and wettable by the ink, draws the excess ink from the stamp surface while leaving the stamp features neatly filled and ready for printing. When the CNT stamp is then used for printing, uniform ink transfer is achieved by relying on the formation of nanoscale contact points across the surface of each microscale stamp feature, therefore replicating the shapes of the stamp features with high accuracy.
After printing the wet ink, solvent evaporation results in an ultrathin, uniform layer of NPs matching the stamp feature geometry. For example, printed Ag lines (width, 20 mm) exhibit uniform thickness of~40 nm, with surface roughness of only 1.2 nm ( fig. S9 ). Together, we explored printing of four different commercially available inks (see Materials and Methods): ZnO (particle size, 8 to 16 nm), WO 3 (particle size, 11 to 21 nm), CdSe/ZnS core-shell type QDs (particle size, 2 to 6 nm), and Ag (particle size, <10 nm). The inks are composed of NPs dispersed in a low-volatility solvent, either tetradecane or a mixture of 2-propanol and propylene glycol, which exhibits high wettability (contact angle, <90°) on both the stamps and the target substrates. Using the same stamp design (CNT-CNT spacing and surface stiffness and roughness) and inking-printing sequence (initial ink load and printing pressure and speed), we find that the volume of ink transferred to the substrate is the same for all inks (Fig. 3E ). Thus, the particle concentration in the ink solution mainly determines the final average thickness after the solvent evaporates (Fig.  3F ). The printed particles form a monolayer when the concentration is low (~2.5 wt %), whereas they form multiple layers when the concentration is high (>10 wt %).
Unlike inkjet printing, the "coffee ring" effect is absent in patterns printed using nanoporous stamps; this is because the local evaporation rates across the uniformly transferred thin ink layer are not significantly different, and therefore, there is no capillary flow induced during solvent evaporation. As a result, the dimensions of the printed features closely match the stamp features, and the particle layers are highly uniform within the printed feature. Printing of these thin, uniform layers is attractive for electronic device fabrication, such as thin-film transistors, where a variety of materials need to be deposited and patterned in spatially registered layers (46, 47) .
Scalable printing of electronic materials
Using the above-mentioned NP inks, we printed a diverse range of patterns representing the unique capability of nanoporous stamps to replicate narrow, wide, sharp, and smoothly curved shapes (Figs. 1D and 4A) and to print patterns with widely differing cross-sectional dimensions in close proximity. For example, the array of Ag square patterns with side length of~25 mm corresponds to~720 dpi, which is the subpixel size of "Retina" displays. The half-circle array and curved lines of QDs represent the capability to print patterns with corners having a radius of~3 mm and linewidth and spacing smaller than 10 mm. Also, the honeycomb patterns achieve uniform microscale fidelity over large areas. The lateral dimensions of QD and Ag NP honeycomb pattern are identical; however, their average heights are different because of different particle concentrations, as shown in Fig. 3F . The printed Ag honeycombs and straight lines have line edge roughness of~0.2 mm, which is 10-fold lower than the typical edge roughness (~2.0 mm) achieved by gravure printing (21) . The corner radius and edge roughness are mutually determined by the corresponding attributes of the catalyst film initially patterned for CNT growth and the approximate spacing of coated CNTs along the edges of the stamp features after the postprocessing steps.
To demonstrate how these process attributes translate to material performance, we first characterized the electrical properties of Ag lines, which were annealed to form solid features from the printed NP layers. After annealing for 10 min at 200°C, the conductivity measured across 
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an array of lines (20 mm wide with pitch of 200 mm) reached 1.9 × 10 7 S/m, and after annealing for 120 min at 300°C, the conductivity increased to 4.0 × 10 7 S/m (Fig. 4D) . These values represent approximately 30 and 60% of the conductivity of bulk Ag (6.3 × 10 7 S/m), respectively. SEM imaging (Fig. 4C) shows how the nanoscale morphology of the printed features evolves during thermal annealing; at shorter times and lower temperatures, voids are present, whereas the highest conductivity is accompanied by a void-free nanocrystalline surface texture. If the annealing conditions are too aggressive, the resistivity rises because of the dewetting of the Ag film, resulting in local disconnections between the metallic particles. At a commercial scale, it would be possible to adopt much faster annealing methods, such as continuous flash exposure (48) . For example, sintering by combined low-pressure Ar plasma and microwave flash for less than 10 min resulted in conductivity of 60% of bulk silver (49) .
One important application of printed conductive networks is transparent electrodes, which are used in light-emitting diodes, liquid crystal displays, touch-screen panels, solar cells (50, 51) , and numerous other devices. For all these applications, cost-effective fabrication of electrodes with high conductivity and transparency is essential. Using the CNT honeycomb stamp, we realize a printed Ag honeycomb having transparency of 94% (at wavelength of 200 to 800 nm; fig. S10 ), along with sheet resistance of 3.6 ohm/sq after thermal annealing. The measured sheet resistance is half that of indium tin oxide at 90% transparency and one-tenth the value reported for Ag nanowire networks at 90% transparency ( Fig. 4E) (52) (53) (54) (55) . Transparent metal grids can be made by other methods; for example, Kim et al. (56) demonstrated copper honeycomb patterns with an Al-doped ZnO capping layer, having 91% transparency at 6.2 ohm/sq. However, several steps, including sputtering, ultraviolet lithography, and wet etching, were required. Flexographic printing using nanoporous stamps is a single-step ambient process that can be conducted continuously and at high speed.
Moreover, using a custom-built plate-to-roll (P2R) printing apparatus in our laboratory (Fig. 5A ), we show that Ag honeycomb patterns can be directly printed to PET films at speeds of up to 0.2 m/s (Fig. 5B ). This speed is currently limited by the linear motion stage (ANT130-L, Aerotech) that was selected for precision coordination of the rotary and linear axes. At 0.2 m/s, the contact time of the stamp against the substrate is approximately 250 ms, which is far greater than the liquid-spreading time scale driven by surface wetting (h ink l CNT / g ink~0 .1 ms, where h ink and g ink are the viscosity and the surface tension of the ink, respectively). Accordingly, we expect that the printing speed can surpass industrial standards (>1 m/s) upon adaptation to roll-to-roll flexographic printing equipment that has even higherspeed motion capability.
DISCUSSION
We have shown that nanoporous stamps made from polymercoated CNT forests can potentially address two critical limitations of existing printing methods for electronic materials: direct printing of features with micrometer-scale lateral dimensions and fine edge roughness, and attainment of highly uniform thickness in the sub-100 nm range. The key functionality of the new stamp comes from its mechanical compliance, along with its high porosity. The stamp pore size (characteristic length of d pore ) is larger than the electrically functional NPs to be printed (d particle ) but smaller than the stamp features (w stamp ). For the ink particles to remain well dispersed within the wet stamp, the pores within the stamp should be much larger than the particles (d particle << d pore ). In addition, for uniform ink transfer relative to the size of the stamp feature (and thus, the resulting printed feature), the pores must be significantly smaller than the stamp features (d pore << w stamp ). We find that engineered CNT stamps having pores of~100 nm can uniformly print ink particles of~10 nm using stamp features with lateral size approaching 1 mm.
As a potential indication of promise, we compare (Fig. 5, C and D) the performance of nanoporous flexographic printing to other techniques, which span from laboratory to industrial scales, and involve widely different material transfer mechanisms. The high-speed capability of conventional printing technologies including flexography arises from their rapid material transfer mechanism driven by wetting and spreading of solvent-based inks, and this is critical to their commercial viability. By leveraging this mechanism at the nanoscale, the rate of our process already exceeds that of all known methods for micrometer resolution printing (Fig. 5C ). Soft lithography, including microcontact printing (mCP) and microtransfer/nanotransfer printing (mTP/nTP), has been used to pattern many materials with micrometer and submicrometer feature size using elastomeric stamps (25, 26, (57) (58) (59) ; however, material transfer must be carefully guided by the intrinsic surface energies of the stamp and receiving substrate with chemical, thermal, and/or viscoelastic modulation. As a result, the rate of these methods is limited to~0.01 m/s. We also recognize that tip-and nozzlebased printing technologies, including dip-pen nanolithography (DPN) (27, 30, 60, 61) , direct writing (62, 63) , and electrohydrodynamic (EHD) printing (28, 64) , have achieved superior resolution, including resolution approaching~10 nm for DPN of molecular inks. However, the scalability of tip-based methods, even for parallel tip arrays, is limited by their pointwise nature and low transfer speed (~0.1 mm/s or less), which is not suitable for large-area electronics manufacturing. Nanoporous flexography also achieves area-normalized ink transfer volumes of 0.5 fl/mm (Fig. 5D ), which is~100-fold less than current flexography methods and~10-fold less than recently published advances in gravure and inkjet printing (12, 21) . This results in direct printing of ultrathin films.
At present, the limitation to printing smaller features using nanoporous flexography is the uniformity of CNT growth in our CVD system (65); however, we anticipate that reductions in the CNT stamp feature size in concert with above design considerations could enable further advances in printing resolution. For example, stamps comprising single-walled CNTs that have significantly smaller diameter (1 to 2 nm) and spacing (~10 to 20 nm) (66) could be suitable for printing submicrometer features and for improving edge quality. Here, conventional laser-written lithography masks and manual exposure tools were used to create the CNT catalyst patterns with a resolution limit of~2 to 3 mm, which defines the minimum printed feature size ( fig. S2 ). Higher-resolution patterning methods could be used to create much finer CNT stamp features. The relationship between stamp geometry and porosity, ink properties, and process parameters on the printed feature thickness also requires further study.
Another key challenge in industrialization of mCP/nTP methods is that elastomeric stamp features are prone to buckling or roof collapse, and this critically limits the process reliability and the shapes of features that can be printed over large areas (67) (68) (69) (70) . Because compliant CNT microstructures are grown on rigid substrates, our CNT stamps do not suffer from roof collapse even for patterned features with large spacing or low aspect ratio. Moreover, CNT forest microstructures have been shown to withstand millions of compression loading cycles (71) and can also be engineered to recover from large compressive deformations (in some cases, >70%) (72) (73) (74) . We find that the conformal coating of the CNTs with the low-surface energy polymers enables the stamp features to withstand extended cyclic loading that far exceeds the critical pressure required for printing ( fig. S11 ) because of reversible buckling at the base, which does not disturb the contact mechanics of the stamp surface. As a preliminary demonstration, we find that 100 printing cycles using the same stamp under identical printing conditions do not result in noticeable degradation of the surface (fig. S12 ).
For commercial applications, it will also be necessary to establish continuous (that is, roll-to-roll) printing using nanoporous stamps and to fabricate the stamps in cylindrical formats that are compatible with high-speed printing equipment. To do so, the CNT growth catalyst could be deposited directly onto the roll before CNT growth, or CNTs could be grown on large-area flat substrates (for example, glass plates) and then transferred to a flexible substrate (75) . In addition, to avoid the use of photolithography for stamp fabrication, CNT forests can be grown from a nonpatterned catalyst layer and then structured using subtractive methods (76, 77) such as laser ablation.
CONCLUSION
In conclusion, we show that microstructured nanoporous stamps comprising polymer-coated CNT arrays enable direct micrometer-resolution flexographic printing of colloidal inks, surpassing the documented resolution limits of industrial flexographic printing methods by at least 10-fold. The local control of ink transfer via conformal nanoscale contact of the wet porous surface suggests that further miniaturization of the process will be possible by engineering the nanostructure of the stamp and both its chemistry and mechanics. Moreover, the lithographic and CVD processes used to prototype the nanoporous stamps (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . Soft lithography includes mCP and nTP (25, 26, (57) (58) (59) (67) (68) (69) (70) ; Nozzle-based high-resolution printing methods include direct writing and EHD printing (27, (62) (63) (64) . Tip-based methods include DPN and polymer pen lithography (PPN) (28, 29, 60, 61) . (D) Comparison of volume per unit length, lateral feature size, and thickness of ink that transfers to the substrate by single print (by mechanical contact or drop) in conventional printing technologies (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) , compared to nanoporous flexographic printing, as shown in this paper.
are scalable to industrial methods for roll-to-roll tool fabrication. In addition to having micrometer-scale resolution, the direct printing of patterns with uniform nanoscale thickness will be greatly beneficial to scalable manufacturing of devices such as high-performance transistors, low-cost wireless sensors, and complex metasurfaces.
MATERIALS AND METHODS
Stamp fabrication
For the growth of vertically aligned CNTs, an Al 2 O 3 /Fe catalyst layer was first patterned on 100 mm (100) silicon wafers coated with 300 nm of thermally grown SiO 2 by liftoff processing using photolithography, followed by ultrasonic agitation in acetone. The supported catalyst layer, 10 nm of Al 2 O 3 and 1 nm of Fe, was sequentially deposited by electron beam physical vapor deposition. The wafer with the deposited catalyst was diced into~2-cm × 2-cm pieces and placed in the quartz tube furnace for the CNT growth. The growth recipe started with flowing 100/400 standard cubic centimeter per minute (SCCM) of He/H 2 while heating the furnace up to 775°C over 10 min (ramping step), and then maintaining the temperature at 775°C for 10 min with the same gas flow rates (annealing step). Then, the gas flow was changed to 100/400/100 SCCM of C 2 H 4 /He/H 2 at 775°C for CNT growth for the selected duration. The typical growth rate was~100 mm/min, and the CNTs were multiwalled with a mean diameter of~10 nm, with 0.45 of coefficient of variation at the top of the forest, as we had previously measured by x-ray scattering (33) . After the growth, the furnace was cooled down to <100°C at the same gas flow and finally purged with 1000 SCCM of He for 5 min. For plasma etching, the CVD-grown CNTs were exposed to an oxygen plasma with 80/20 of Ar/O 2 gas flow for 5 min at 50 W and 200 mtorr pressure using a Diener Femto Plasma system.
For conformal polymer coating, iCVD polymerization was carried out in a custom-built cylindrical reactor (diameter, 24.6 cm; height, 3.8 cm) with an array of 14 parallel chromoalloy filaments (Goodfellow) suspended 2 cm from the stage. The reactor was covered with a quartz top (2.5 cm thick) that allows real-time thickness monitoring by reflecting a 633-nm He-Ne laser source (JDS Uniphase) off the substrate/ polymer and recording the interference signal intensity as a function of time. The reactor was pumped down by a mechanical Fomblin pump (Leybold, Trivac), and the pressure was monitored with a MKS capacitive gauge. The liquid monomer [1H,1H,2H,2H-perfluorodecyl acrylate (PFDA) 97%; Sigma-Aldrich] and the initiator [tert-butyl peroxide (TBPO) 98%; Sigma-Aldrich] were used as received without further purification. TBPO was kept at room temperature (T f = 25°C) and was delivered into the reactor through a mass flow controller (1479 MFC, MKS Instruments) at a constant flow rate of 1 SCCM in process A (in situ grafting) and 3 SCCM and 1 SCCM in DVB and PFDA polymerization during process B (two-step deposition), respectively. Initiator radicals (TBO) were created by breaking only the labile peroxide bond of the TBPO at filament temperature of T f = 250°C during iCVD polymerization. The PFDA monomer was vaporized in glass jars that are heated to 80°C and then introduced to the reactor through needle valves at constant flow rates of 0.2 SCCM. The substrate temperature was kept at T s = 30°C (within ±1°C) using a recirculating chiller/heater (NESLAB RTE-7). All of the temperatures were measured by K-type thermocouples (Omega Engineering). The working pressure was maintained at 60 mtorr using a throttle valve (MKS Instruments). At the end, an ultrathin layer of pPFDA (approximately 30 nm thick) was deposited within 25 min of deposition time. The thickness of the pPFDA, deposited on to a control silicon substrate during iCVD polymerization, was also measured using ellipsometry. Finally, the pPFDA-coated CNTs were again exposed to an oxygen plasma for 30 s at 30 W and pressure of 200 mtorr.
Inking/printing
For inking, 50 to 200 ml of ink was applied on the stamp by a pipette, and then, the stamp was spun at 1500 rpm for 0.5 to 5 min. A plasma-treated, nonpatterned CNT forest was brought into contact against the top surface of the stamp by its own weight for 1 to 5 s. For plate-to-plate printing, the target substrate (microscope glass slide and PET film attached to glass slide, etc.) contacted the stamp at~50 to 100 kPa of contact pressure for 1 to 5 s. Appropriate normal load was applied by a dead weight placed above the substrate. For P2R printing, the target substrate (PET film) was attached to a roller with diameter of 5 cm and rolled over the inked stamp with controlled force (corresponding pressure to be~50 to 100 kPa) and speed (corresponding linear velocity to be 1 to 200 mm/s) using a laboratorybuilt desktop system. Microslide glasses (surface roughness,~1 to 2 nm; VWR International LLC) and PET film 100 mm thick (average roughness,~6 to 10 nm; McMaster-Carr) were used as the target substrates. The Ag ink used in this study was composed of silver NPs dispersed in tetradecane (736511, Sigma-Aldrich). The particle concentration was 50 to 60 wt % with particle sizes less than 10 nm. The QD ink was composed of COOH-functionalized CdSe/ZnS core-shell type QDs (748056 and 790192, Sigma-Aldrich) dispersed in tetradecane (172456, Sigma-Aldrich) by 3-min sonication. The particle concentration was~10 wt %. The ZnO and WO 3 ink was composed of crystalline Al-doped ZnO (3.15 mole percent Al; work function,~4.1-4.5 eV; 808172, Sigma-Aldrich) and crystalline WO 3 (work function,~5.3 to 5.7 eV; 807753, Sigma-Aldrich) NPs dispersed in 2-propanol and propylene glycol. The particle concentrations for both inks were 2.5 wt % with particle sizes of 8 to 16 nm for ZnO and 11 to 21 nm for WO 3 .
Characterization
The mechanical properties of stamp microstructures were characterized using a nanoindenter (Hysitron TI 900). To measure the surface properties, a 10-mm radius tip was indented to a maximum depth of 1 mm, and the surface modulus was determined via Oliver-Pharr method from the load-displacement curve. To characterize the bulk properties, a 100-mm flat tip was indented to a maximum depth of 4.5 mm, and compressive modulus was determined from the unloading curve assuming a uniaxial compression. Micropillars having a diameter of 100 mm and a height of~150 mm were used for all the indentation tests. For wetting/dewetting tests, the arrays of the micropillars were wetted by 10 to 100 ml of water droplet and imaged by a high-speed camera. The optical microscope (Zeiss AxioCam) and fluorescence microscope (Zeiss AxioSkop 2 MAT) images of printed ink patterns were taken within a few days after printing. The SEM (Zeiss Merlin) and AFM (Veeco Metrology Nanoscope IV) images of printed ink patterns were taken 3 to 10 days after printing or after sintering at 200°, 300°, 400°, and 500°C for 10, 30, 60, and 120 min on a hot plate. To measure the conductivity of printed silver NPs, 15 line structures having a width of 20 mm, spacing of 200 mm, and length of 4 mm were printed on silicon substrates. Electrically conductive silver epoxy (Electron Microscopy Sciences) was used to connect each end of the line structures. Then, resistances were measured by a multimeter (National Instruments VirtualBench) from one end to another, and conductivities were calculated from the average resistance of 15 lines.
To measure the transmission and sheet resistance, 1.5-cm × 1.5-cm honeycomb pattern arrays were printed on microscope glass slides. Optical transmissivity was measured using a spectrophotometer (Cary UV-visible-NIR transmission/reflectance spectrophotometer), and the sheet resistances were measured using a four-point probe (Jandel RM3-AR).
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/ content/full/2/12/e1601660/DC1 fig. S1 . SEM images of the cross section of a CNT microstructure after infiltration of silver NP ink and dried at ambient conditions for 3 days. fig. S2 . SEM images (30°tilted view) of a square pattern of Fe (1 nm)/Al 2 O 3 (10 nm) catalyst film and CVD-grown vertically aligned CNT on the same catalyst pattern. fig. S3 . SEM and AFM images of the top surface of a CNT forest microstructure (as-grown). fig. S4 . SEM images of the top surface of a circular (diameter, 100 mm) CNT microstructure at each fabrication stage. fig. S5 . Comparison of a square micropattern at each stage of stamp fabrication and the printed Ag pattern from this stamp feature. fig. S6 . Comparison between as-grown and pPFDA-coated CNT micropillars. fig. S7 . Optical image of a silver NP ink droplet on an array of CNT pillars (diameter, 100 mm) coated with pPFDA before the second plasma treatment (Fig. 2) . fig. S8 . Schematics and optical microscope images. fig. S9 . AFM images and schematics (not to scale) of lines printed using stamp. fig. S10 . Transmission spectrum of printed Ag honeycomb pattern on a glass plate. fig. S11 . Uniaxial stress-strain curves and SEM images of the base regions CNT microstructures. fig. S12 . Optical microscope images of a nanoporous honeycomb stamp microstructure before and after multiple prints of the Ag ink. video S1. Wetting/dewetting tests on plasma-etched CNT micropillars. video S2. Wetting/dewetting tests on plasma-treated pPFDA-CNT micropillars. video S3. Wetting/dewetting tests on pPFDA-CNT micropillars.
